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Abstract 
 
 The thermal decomposition of natural ammonium oxalate known as oxammite 
has been studied using a combination of high resolution thermogravimetry coupled to 
an evolved gas mass spectrometer and Raman spectroscopy coupled to a thermal 
stage.  Three mass loss steps were found at 57, 175 and 188 °C attributed to 
dehydration, ammonia evolution and carbon dioxide evolution respectively.  Raman 
spectroscopy shows two bands at 3235 and 3030 cm
-1
 attributed to the OH stretching 
vibrations and three bands at 2995, 2900 and 2879 cm
-1
, attributed to the NH 
vibrational modes.  The thermal degradation of oxammite may be followed by the loss 
of intensity of these bands. No intensity remains in the OH stretching bands at 100 °C 
and the NH stretching bands show no intensity at 200 °C.  Multiple CO symmetric 
stretching bands are observed at 1473, 1454, 1447 and 1431 cm
-1
, suggesting that the 
mineral oxammite is composed of a mixture of chemicals including ammonium 
oxalate dihydrate, ammonium oxalate monohydrate and anhydrous ammonium 
oxalate.  
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Introduction 
 
 The presence of oxalates is widespread in nature. Among the oxalates are 
those of magnesium (glushinskite), calcium (weddellite and whewellite), iron 
(humboldtine), copper (moolooite) sodium (natroxalate and ammonium (oxammite).  
The study of natural oxalates including oxammite has been undertaken for 
considerable time (CANALS, E. and MARIGNAN, R., 1945; TIBYRICA, L. W., 
1927; WINCHELL, H. and BENOIT, R. J., 1951).  Oxammite is known as a “cave” 
mineral as it is often formed in caves and is also known as an “organic” mineral. 
Oxammite and its relationship to other minerals has been studied (BRIDGE, P. J., 
1977; FRONDEL, C., 1950).  Many oxalates may be formed by chemical synthesis 
but are not necessarily found in nature (BICKLEY, R. I. et al., 1991; THOMAS, Y. et 
al., 1978). These minerals form as the result of expulsion of heavy metals from fungi, 
lichens and plants (ARNOTT, H. J. and WEBB, M. A., 1983; CHISHOLM, J. E. et 
al., 1987; FREY-WYSSLING, A., 1981).  The production of simple organic acids 
such as oxalic and citric acids has profound implications for metal speciation in 
biogeochemical cycles (GADD, G. M., 2000).  The metal complexing properties of 
the acids are essential to the nutrition of fungi and lichens and affects the metal 
stability and mobility in the environment (GADD, G. M., 2000). Lichens and fungi 
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produce the oxalates of heavy metals as a mechanism for the removal of heavy metals 
from the plant (WADSTEN, T. and MOBERG, R., 1985).    
 
Indeed the presence of oxalates have been evidence for the deterioration of 
works of art (DEL MONTE, M. and SABBIONI, C., 1983; DEL MONTE, M. and 
SABBIONI, C., 1986; PITERANS, A. et al., 1997).  Carbon dating of oxalic acid 
enables estimates of the age of the works of art (GIRBAL, J. et al., 2001).  The 
presence of the oxalates has been used as indicators of climate change (MOORE, S. et 
al., 2000).  The presence of pigments in ancient works of art effected the growth of 
lichens on the art works (LAMPRECHT, I. et al., 1997).  Oxalates have been found in 
the art work of indigenous Australian aboriginals. The origin of the oxalates is 
unclear; whether the aboriginals deliberately added plant material to the goethite and 
iron oxides to ensure the pigments stuck to the rock surface is unknown.  Another 
possibility is that the oxalates were formed through the growth of lichens and algae on 
the rock surface.  
In calcareous artifacts such as the famous Chinese terra cotta soldiers or Egyptian 
epigraphs they lead to a destruction of the surface by forming Ca-oxalate layers and 
thus to a deterioration of the historian work of art. But in places where the surface is 
covered by some blue colours (Egyptian and Chinese Blue, Chinese Purple) the 
growth of lichens is inhibited and the artifacts are well preserved. The copper ion 
contained in the pigments is responsible for this effect since copper is a strong poison 
for micro-organisms (LAMPRECHT, I. et al., 1997).  Weddellite and whewellite very 
often occur together with gypsum on the surface of calcareous artifacts exposed in the 
Mediterranean urban environment, as main constituents of reddish patinas called in 
Italy 'scialbatura'. The origin of this is a matter of controversy. The observation of the 
interface between calcite substratum and the above mentioned secondary minerals is 
an important step in the explanation of alteration process of artifacts of historic and 
artistic interest (ALAIMO, R. and MONTANA, G., 1993).  Studies of the black paint 
has shown the presence of oxalates in the paint with serious implications for 
remediation (ALESSANDRINI, G. et al., 1996).  
 
Whilst there have been several studies of synthetic metal oxalates (BICKLEY, 
R. I. et al., 1991; CHANG, H. and HUANG, P. J., 1997; DUVAL, D. and 
CONDRATE, R. A., SR., 1988; EDWARDS, H. G. M. et al., 1992; KONDILENKO, 
I. I. et al., 1978; KONDRATOV, O. I. et al., 1985; SHIPPEY, T. A., 1980), few 
studies of natural oxalates have been forthcoming and few spectroscopic studies of the 
natural ammonium oxalate have been undertaken. The objective of this work is to 
undertake a study of the thermal decomposition of ammonium oxalate using a 
combination of Raman and infrared spectroscopy combined with a thermal stage 
 
EXPERIMENTAL  
 
2.1 Mineral 
 The humboldtine (sample Number M13748 originated from Bohemia, Czech 
Republic) was obtained from the South Australian museum (REZEK, K. et al., 1988). 
The sample was phase analyzed using X-ray diffraction and the compositions checked 
using EDX measurements. 
 
2.2 Thermal analysis 
 
 Thermal decomposition of the natural oxalate was carried out in a TA® 
Instruments incorporated high-resolution thermogravimetric analyzer (series Q500) in 
a flowing nitrogen atmosphere (80 cm
3
/min). Approximately 50mg of sample was 
heated in an open platinum crucible at a rate of 5.0 °C/min up to 500°C. With the 
quasi-isothermal, quasi-isobaric heating program of the instrument the furnace 
temperature was regulated precisely to provide a uniform rate of decomposition in the 
main decomposition stage. The TGA instrument was coupled to a Balzers (Pfeiffer) 
mass spectrometer for gas analysis. Only selected gases were analyzed. 
2.3 Raman microprobe spectroscopy 
 
The crystals weddellite were placed and orientated on the stage of an Olympus 
BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 
1000 Raman microscope system, which also includes a monochromator, a filter 
system and a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe 
laser (633 nm) at a resolution of 2 cm
-1
 in the range between 100 and 4000  
cm
-1
.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm
-1
 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.  Previous studies by the authors provide more 
details of the experimental technique. Spectra at liquid nitrogen temperature were 
obtained using a Linkam thermal stage (Scientific Instruments Ltd, Waterfield, 
Surrey, England).   
 
2.4 Infrared emission spectroscopy 
 
 Details of infrared emission spectroscopy has been previously published 
(FROST, R. L. et al., 2002; FROST, R. L. et al., 2003; KLOPROGGE, J. T. et al., 
2001).  Spectroscopic manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package, which enabled the type of 
fitting, function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Gauss-Lorentz cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared correlations of r
2
 greater than 
0.995. 
 
RESULTS AND DISCUSSION 
 
Thermal analysis 
 
The TG and DTG patterns for oxammite are shown in Figure 1 and the MS 
patterns are shown in Figure 2.  Three mass loss steps are observed at 57.0, 174.8 and 
188.0 °C.  The mass losses are 12.0, 13.0 and 72.1 %.  The theoretical mass losses are 
14.6, 12.2 and 73.2% which are in reasonable agreement with the experimental 
results. MS shows that the water is lost at 53 °C. The 17 MS curve also shows a peak 
at this temperature but is assigned to the OH unit of water. The intense peak at 165 °C 
is due the ammonia evolved gas. A low intensity MS peak is observed at 173 °C and 
is attributed to carbon monoxide evolution.  Carbon dioxide emission is observed at 
173 °C. A mass loss of water is also observed at this temperature. 
 
The proposed mechanism of the decomposition of oxammite is as follows 
Step 1 
(NH4)2C2O4.H2O  (NH4)2C2O4 + H2O 
Step 2 
(NH4)2C2O4  2NH3 + H2C2O4 
Step 3 
H2C2O4  H2CO3 + CO  
Step 4 
H2CO3   H2O + CO2 
 
The first step in the thermal decomposition of oxammite is attributed to the 
loss of water. The second step is assigned to the loss of ammonia and the synthesis of 
oxalic acid.  The third step is the conversion of the oxalic acid to carbon monoxide 
and carbonic acid. The fourth step is the decomposition of the carbonic acid to water 
and carbon dioxide. The MS results suggest that steps 3 and 4 overlap.  Previous 
study has shown that the thermal stability of ammonium oxalate is much less than that 
of potassium or lithium oxalates (PAPAZIAN, H. A. et al., 1971).   
 
 
Raman spectroscopy 
 
The Raman spectra of thermally treated oxalate in the NH and OH stretching 
regio are shown in Figure 3. It is interesting that many papers report the spectroscopy 
of oxalates but fail to mention the spectroscopy of the water of crystallisation in the 
oxalate minerals.  The Raman spectrum of oxammite in this region shows complexity 
with the overlap of the OH and NH stretching vibrations.   In the 25 °C spectrum two 
bands are observed at 3235 and 3030 cm
-1
 and are assigned to the OH vibrations.  
Bands are observed at 2995, 2900 and 2879 cm
-1
 and are attributed to the NH 
vibrational modes.  A previous study showed that there were two OH stretching and 
three NH stretching bands (CANALS, E. and MARIGNAN, R., 1945).  Other bands 
may be attributed to organic impurities; after the entire natural sample originated from 
bird guano.  At 50 °C, bands are observed at 3227, 3160 and 3054 cm
-1
.  Other bands 
are observed at 2996, 2940, 2887 and 2851 cm
-1
 in the 50 °C spectrum.  The 3227 cm
-
1
 band is not observed in the 100 °C spectrum and this helps confirm the assignment 
of the band to a water OH stretching vibration.  Figure 4 shows the band component 
analysis of the Raman spectrum of the NH and OH stretching region at 77 K.  The 
reason for obtaining the Raman spectrum at 77 K is to obtain better band separation to 
identify the position of the component bands.  In this spectrum two bands are 
identified at 3266 and 3166  
cm
-1
 and are assigned to OH stretching vibrations. Bands are identified at 3044, 3035, 
3002 and 2940 cm
-1
 and are attributed to NH stretching vibrations.  The remaining 
two bands at 2900 and 2865 cm
-1
 are ascribed as CH stretching vibrations. The 
problem of obtaining the spectrum at 77 K is the two fold: obtaining the spectra at 77 
K may cause a large shift in peak position through both stronger and weaker 
interactions and secondly through the introduction of additional bands.  Nevertheless 
the spectra at 77 K are in reasonable agreement with the spectrum at ambient 
temperatures and above. 
 
Such an attribution is in harmony with TG results which show water is lost 
below 100 °C.  In the 100 °C spectrum bands are observed at 3145, 3054, 2987 and 
2875 cm
-1
.  These bands are attributed to the NH stretching vibrations.  At 150 °C 
bands are observed at 3145, 3130 and 2984 cm
-1
 and at 200 C, only two bands are 
observed at 3183 and 3054 cm
-1
.  No intensity remains in the bands at 250 °C.  TG-
MS showed that ammonia and carbon dioxide are lost over the 150 to 200°C 
temperature range.  The MS showed that ammonia was lost at 165 °C and that carbon 
dioxide was evolved at 190 °C.  Thus the results of the Raman spectroscopy of the 
thermally treated oxammite are in harmony with the TG-MS results.  The infrared 
emission spectra of the hydroxyl stretching region of oxammite are shown in Figure 4.  
The results of the IE spectral analysis are reported in Table 2.  The IE spectra suffer 
from high signal to noise because of low energy of emission at the lower 
temperatures.  Interpreting the spectra is therefore fraught with difficulty and no exact 
determination of bands in this region could be made.    
 
 The Raman spectra of the CO symmetric stretching region of thermally treated 
oxammite are shown in Figure 5.  The CO antisymmetric stretching region is shown 
in Figure 6.   The results of the Raman spectral analysis of the thermally treated 
oxammite are reported in Table 1.  In the 50 °C spectrum four bands are observed at 
1473, 1454, 1447 and 1431 cm
-1
 and are attributed to CO symmetric stretching 
vibrations.  Apart from the last band the bands all show a shift to lower wavenumbers 
with thermal treatment.  After 150 °C only two bands are observed at 1445 and 1461 
cm
-1
.  After this temperature no intensity remains.  The observation of multiple CO 
stretching bands is confirmed by obtaining the Raman spectrum at 77 K. Bands are 
observed at 1478, 1449 and 1432 cm
-1
.  Excellent band separation is obtained; 
however considerable changes in intensity of the component bands are observed.  
Three bands are observed in the 77 K spectrum at 1478, 1449 and 1432 cm
-1
.  The 
intensity of the 1432 cm
-1
 band is almost zero in contrast to the 50 °C spectrum where 
significant intensity is observed.  The intensity of this band decreases in the 100 °C 
spectrum.  This variation in intensity is of significance.  The change in the intensity of 
the CO stretching bands shows a change in the bonding of the ammonium oxalate.  
 
For aqueous oxalate the antisymmetric stretching (B2u) mode is observed at 
1600 cm
-1
.  Published IR data suggests that there should be a single band at 1632 cm
-1 
(EDWARDS, H. G. M. et al., 1992).   The mineral oxammite fits well into this 
category.  Multiple bands are observed in the infrared spectrum for both the 
symmetric and antisymmetric stretching modes (Figure 7).  In the IE spectrum at 50 
°C, bands are observed at 1696, 1658 and 1604 cm
-1
.  The first band show a shift to 
longer wavenumbers whilst the latter two show a shift to shorter wavenumbers.  In the 
100 °C spectrum, an additional band is observed at 1623 cm
-1
.  The reason for 
multiple antisymmetric stretching modes for oxammite is unclear; suffice to express 
that multiple species may be present.  For example many oxalate minerals show 
polymerisation (EDWARDS, H. G. M. and HARDMAN, P. H., 1992; EDWARDS, 
H. G. M. and LEWIS, I. R., 1994).  Multiple bands are also observed in the Raman 
spectra of the antisymmetric CO stretching bands (Figure 8).  Three bands are 
observed at 1577, 1604 and 1658 cm
-1
.  In addition after 50 °C, an additional band at 
1623 cm
-1
 is found.  In addition, bands are observed at 1743, 1724 and 1696 cm
-1
 and 
are attributed to NH bending vibrations.   A band at 1897 cm
-1
 is also observed and is 
attributed to a combination band of νs(OCO) and ρ(CO2).  This assignment is in line 
with previously published work (CLARK, R. J. H. and FIRTH, S., 2002). 
 
The Raman spectra of the C-C stretching region are shown in Figure 9.  Three 
bands are observed at 892, 867 and 813 cm
-1
 in the 50 °C spectrum.  At temperatures 
above 50 °C, the latter band shows no intensity but a new band at 880 cm
-1
 is 
observed.  Clarke and Firth reported two bands at 894 and 868 cm
-1
 and assigned 
these bands to δs(CO2) vibrations (CLARK, R. J. H. and FIRTH, S., 2002). These 
authors assigned the bands at 443 and 491 cm
-1
 to C-C symmetric stretching 
vibrational modes. The spectra for the ammonium oxalate published by these authors 
is in good agreement with the spectra in this work (CLARK, R. J. H. and FIRTH, S., 
2002).  Other authors assigned the bands observed around 928 cm
-1
 to C-C symmetric 
stretching vibrations (EDWARDS, H. G. M. et al., 1991).  At temperatures above 50 
°C, a shift in band position from 894 to 880 cm
-1
 is observed.  This shift is associated 
with the dehydration of the ammonium oxalate. The band at 894 cm
-1
 is assigned to 
the C-C stretching vibration of ammonium oxalate monohydrate and the band at 880 
cm
-1
 to the anhydrous ammonium oxalate.  Importantly no intensity remains in these 
bands above 200 °C.   
 
The infrared emission spectra of the C-C stretching region are shown in Figure 
7.   Low intensity bands are observed at 862, 878 and 921 cm
-1
 in the 75 °C spectrum. 
An additional low intensity band is observed at 853 cm
-1
.  The position of this band 
shifts to 835 cm
-1
 above 100 °C.  This shift is a reflection of the phase change brought 
about by the dehydration of the ammonium oxalate monohydrate.  Two bands are 
observed in the IE spectra at 771 and 717 cm
-1
. The latter band’s intensity is lost by 
100 °C.  Bands in this position were not previously observed (CLARK, R. J. H. and 
FIRTH, S., 2002).  One possibility is that the band at 771 cm
-1
 is assignable to a water 
librational mode.  The fact that the band is lost at low temperatures supports this 
conclusion.   
 
 The Raman spectra of the low wavenumber region are shown in Figure 10.   A 
band is observed at 639 cm
-1
 and shows a strong red shift with temperature increase 
until all intensity is lost after 200 °C.  The band corresponds to a ρw(CO2) vibration 
(CLARK, R. J. H. and FIRTH, S., 2002).   Two bands are observed at 437 and 490 
cm
-1
.  The first band shows a shift to lower wavenumbers with increased temperature.   
The first band is attributed to ρs(CO) modes and the latter to δ(CCO) bending modes.  
The position of these bands is in good agreement with previously published data 
(CLARK, R. J. H. and FIRTH, S., 2002). However the attribution of the bands differs.  
A significant number of bands are observed below 400 cm
-1
.  In the spectrum at 50 
°C, bands are observed at 335, 279, 242, 226, 211, 197, 181 and 159 cm
-1
.  Apart 
from the first three bands the positions of these low wavenumber bands is in good 
agreement with data published for the synthetic ammonium oxalate.   
  
 
Conclusions  
 
 High resolution TG coupled to an evolved gas mass spectrometer shows that 
dehydration of oxammite takes place at around 57 °C. Such dehydration supports the 
concept of ammonium(II) monohydrate changing to the anhydrous ammonium(II) 
oxalate.  Such a sequence is supported by the observation of three CO Raman bands.  
The thermal treatment of ammonium(II) oxalate was also studied by infrared emission 
spectroscopy.  At low temperatures the infrared and Raman spectra are mutually 
exclusive; this supports the concept that the ammonium(II) oxalate is non-planar. At 
temperatures above the dehydration temperature this mutual exclusion is lost with the 
appearance in the infrared emission spectra of a band at 1480 cm
-1
.  The IE spectra 
support the loss of oxalate over the 150 to 200 °C temperature range.  The observation 
of multiple CO and CC stretching bands supports the concept that the mineral 
oxammite is composed  a mixture of chemicals including ammonium oxalate 
dihydrate, ammonium oxalate monohydrate and anhydrous ammonium oxalate. It is 
probable that oxammite is an equilibrium mixture of these three chemicals and the 
exact composition of oxammite is a function of temperature and water and carbon 
dioxide vapour pressure.  The may also be a relationship with the mineral 
teschemacherite (ammonium bicarbonate) depending on the pH and carbon dioxide 
partial pressure. 
 
 The existence of oxalates in nature is widespread.  Such oxalates are formed 
through the growth of lichens and fungi and other plant materials.  Such organisms 
may be found in very hostile environments (EDWARDS, H. G. M. et al., 2000; 
EDWARDS, H. G. M. et al., 1995; EDWARDS, H. G. M. et al., 1997).  Lichens and 
fungi can control their heavy metal intake through expulsion as metal salts such as 
oxalates.  The presence of these oxalates can be used as a marker for the pre-existence 
of life.  Thus the study of the common natural oxalates is of great importance.  The 
study of the thermal degradation of oxalates is of importance for the remediation of 
works of art and the degradation of art from prehistory.  The interpretation of the 
Raman and infrared spectra of natural oxalates is important for these types of studies.   
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  50°C 100°C 150°C 200°C 
centre 3227    
Relative Intensity 0.103    
centre 3160 3145 3145 3183 
Relative Intensity 0.033 0.129 0.130 0.061 
centre 3054 3054 3053 3054 
Relative Intensity 0.113 0.078 0.091 0.125 
centre 2996 2987 2984  
Relative Intensity 0.111 0.080 0.019  
centre 2940    
Relative Intensity 0.003    
centre 2887 2875 2888 2868 
Relative Intensity 0.149 0.132 0.148 0.060 
centre 2851    
Relative Intensity 0.002    
centre  2328 2324  
Relative Intensity  0.002 0.001  
centre 2170    
Relative Intensity 0.019    
centre  2135 2129  
Relative Intensity  0.010 0.010  
centre    2115 
Relative Intensity    0.005 
centre    2088 
Relative Intensity    0.027 
centre    2039 
Relative Intensity    0.004 
centre 1897 1880 1891  
Relative Intensity 0.015 0.007 0.004  
centre 1743 1745 1744  
Relative Intensity 0.008 0.003 0.001  
centre 1724 1731 1730 1732 
Relative Intensity 0.005 0.005 0.006 0.006 
centre 1696 1705 1705 1702 
Relative Intensity 0.007 0.007 0.006 0.004 
centre 1658 1652 1650  
Relative Intensity 0.001 0.002 0.002  
centre  1623 1623 1625 
Relative Intensity  0.005 0.005 0.013 
centre 1604 1597 1594  
Relative Intensity 0.002 0.003 0.005  
centre 1577 1579 1578 1579 
Relative Intensity 0.006 0.015 0.020 0.013 
centre 1473 1464 1463 1461 
Relative Intensity 0.028 0.042 0.045 0.024 
centre 1454 1448 1448  
Relative Intensity 0.011 0.016 0.021  
centre 1447 1443 1446 1445 
Relative Intensity 0.054 0.097 0.107 0.098 
centre 1431 1435 1438  
Relative Intensity 0.017 0.008 0.022  
centre  1400 1401 1401 
Relative Intensity  0.004 0.011 0.007 
centre 1382 1366 1355 1359 
Relative Intensity 0.009 0.005 0.009 0.007 
centre 1321    
Relative Intensity 0.017    
centre 1306 1312 1307 1306 
Relative Intensity 0.009 0.023 0.014 0.016 
centre 892 887 885  
Relative Intensity 0.051 0.032 0.031  
centre  880 880 879 
Relative Intensity  0.033 0.058 0.074 
centre 867 864 863 863 
Relative Intensity 0.006 0.006 0.006 0.003 
centre 813    
Relative Intensity 0.007    
centre 639 645 646 649 
Relative Intensity 0.005 0.008 0.007 0.005 
centre 490 481 476 472 
Relative Intensity 0.021 0.022 0.028 0.014 
centre    466 
Relative Intensity    0.028 
centre 437 437 434 430 
Relative Intensity 0.017 0.061 0.050 0.067 
centre   402  
Relative Intensity   0.015  
centre 335 331   
Relative Intensity 0.002 0.046   
centre 279 268 260  
Relative Intensity 0.026 0.015 0.014  
centre 242   241 
Relative Intensity 0.021   0.035 
centre 226    
Relative Intensity 0.007    
centre 211 208   
Relative Intensity 0.036 0.010   
centre 197 206 207 214 
Relative Intensity 0.007 0.056 0.033 0.019 
centre 181 180 182 190 
Relative Intensity 0.010 0.006 0.010 0.033 
centre 159 161 165 163 
Relative Intensity 0.007 0.006 0.006 0.003 
 Table 1 Results of the Raman spectral analysis of oxammite 
 
  75°C 100°C 125°C 150°C 175°C 200°C 225°C 250°C 
centre 1912 1909       
Relative 
Intensity 
0.095 0.073       
centre 1707 1711 1683 1680 1675 1673 1670 1670 
Relative 
Intensity 
0.117 0.096 0.441 0.479 0.515 0.515 0.556 0.539 
centre 1623 1638 1639 1638 1635 1634 1632 1631 
Relative 
Intensity 
0.377 0.413 0.240 0.249 0.249 0.247 0.226 0.241 
centre   1462 1461     
Relative 
Intensity 
  0.014 0.010     
centre 1426 1426 1419 1419 1437 1438 1437 1437 
Relative 
Intensity 
0.172 0.139 0.036 0.027 0.021 0.020 0.019 0.017 
centre 1380 1383       
Relative 
Intensity 
0.028 0.014       
centre  1337 1337 1337 1336 1336 1335 1335 
Relative 
Intensity 
 0.001 0.005 0.006 0.008 0.008 0.007 0.007 
centre 1316 1318 1320 1319 1319 1318 1318 1317 
Relative 
Intensity 
0.017 0.022 0.059 0.066 0.081 0.085 0.085 0.089 
centre 1299 1300 1292 1294 1294 1294 1294 1294 
Relative 
Intensity 
0.007 0.018 0.034 0.025 0.032 0.033 0.034 0.036 
centre 1267 1267       
Relative 
Intensity 
0.016 0.019       
centre 1228 1224 1204 1200 1201 1203 1206 1206 
Relative 
Intensity 
0.063 0.089 0.017 0.016 0.011 0.010 0.004 0.002 
centre 1193 1184 1180 1177 1178 1178 1180 1180 
Relative 
Intensity 
0.038 0.023 0.014 0.015 0.017 0.023 0.024 0.025 
centre    1101 1103 1102 1100 1102 
Relative 
Intensity 
   0.008 0.009 0.012 0.009 0.006 
centre 1040 1035   1076 1075 1073 1074 
Relative 
Intensity 
0.009 0.010   0.001 0.002 0.003 0.006 
centre   992 997  1003 1006 1008 
Relative 
Intensity 
  0.023 0.008  0.002 0.005 0.010 
centre 921 920 920 921 920 920 919 920 
Relative 
Intensity 
0.008 0.013 0.074 0.080 0.057 0.041 0.033 0.027 
centre 878 879       
Relative 
Intensity 
0.002 0.002       
centre 862 862 864 865 867 866   
Relative 
Intensity 
0.002 0.005 0.014 0.005 0.002 0.001   
centre   862      
Relative 
Intensity 
  0.001      
centre 853 853 835 836     
Relative 
Intensity 
0.000 0.000 0.004 0.004     
centre 771 771 772 773 774 773 774 774 
Relative 
Intensity 
0.030 0.034 0.025 0.009 0.006 0.007 0.007 0.007 
centre 717 717 718 717     
Relative 
Intensity 
0.030 0.019 0.009 0.002     
centre    675 678 678 675 673 
Relative 
Intensity 
   0.002 0.002 0.002 0.001 0.001 
 
Table 2 Results of the infrared emission spectral analysis of oxammite 
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Figure 1 High resolution TG of oxammite. 
 
Figure 2 MS of thermally treated oxammite. 
 
Figure 3 Raman spectra of the hydroxyl and amine stretching region of oxammite. 
 
Figure 4  Band component analysis of the NH and OH stretching region at 77 K. 
 
Figure 5 Infrared emission spectra of the hydroxyl stretching region of oxammite. 
 
Figure 6 Raman spectra of the CO stretching region of oxammite. 
 
Figure 7 Raman spectra of the CO antisymmetric stretching region 
 
Figure 8 Infrared emission spectra of the 650 to 2150 cm
-1
  region of oxammite. 
 
Figure 9 Raman spectra of the CC stretching region of oxammite. 
 
Figure 10 Raman spectra of the low wavenumber region of oxammite. 
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Figure 3 
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Figure 4  Band component analysis of the NH and OH stretching 
region at 77 K. 
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Figure 5 Infrared emission spectra of the hydroxyl stretching region of oxammite 
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Figure 6 Raman spectra of the CO stretching region of oxammite. 
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Figure 8 Raman spectra of the CO antisymmetric stretching region 
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Figure 7 Infrared emission spectra of the 650 to 2150 cm
-1
  region of oxammite. 
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Figure 9 Raman spectra of the CC stretching region of oxammite. 
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Figure 10 Raman spectra of the low wavenumber region of oxammite. 
 
